The electronic and magnetic properties of recently discovered new important constituent of the Earth's lower mantle FeO2H were investigated by means of the density functional theory combined with the dynamical mean field theory (DFT+DMFT). Addition of the hydrogen to the parent FeO2 compound, which is an uncorrelated bad metal, destroys the most important ingredient of its electronic structure -O-O molecular orbitals. In effect physical properties of FeO2 and FeO2H turn to be completely different, FeO2H is a correlated metal with a mass renormalization, m * /m ∼ 1.7, and magnetic moments on Fe ions become localized with the Curie-Weiss type of uniform magnetic susceptibility.
The electronic and magnetic properties of recently discovered new important constituent of the Earth's lower mantle FeO2H were investigated by means of the density functional theory combined with the dynamical mean field theory (DFT+DMFT). Addition of the hydrogen to the parent FeO2 compound, which is an uncorrelated bad metal, destroys the most important ingredient of its electronic structure -O-O molecular orbitals. In effect physical properties of FeO2 and FeO2H turn to be completely different, FeO2H is a correlated metal with a mass renormalization, m * /m ∼ 1.7, and magnetic moments on Fe ions become localized with the Curie-Weiss type of uniform magnetic susceptibility. Iron oxides are the most important constituents of the Earth's mantle and core. This is the reason why a lot of activity is concentrated on an investigation of their physical and chemical properties under high pressure. Recent discovery of FeO 2 revised considerably this field 1 . First of all, this compound was not known before 2016 and appears to be the most stable Fe oxide at pressure >100 GPa from the DFT point of view 1 . Second, in contrast to other Fe oxides, which regarded as correlated materials with different type of transitions (metalinsulator, meta-magnetic, spin-state transitions, etc.), Coulomb correlations were found to be almost unimportant in the iron dioxide 2 . There are oxygen "dimers" 30 in FeO 2 crystal structure, see Fig. 1 (a), and molecularorbitals due to these "dimers" determine electronic and magnetic properties of this compound. 5, 6 . In spite of such a tremendous progress in study of the Earth's lower mantle, physical properties of FeO 2 H remain mostly unexplored. In this Report we study electronic and magnetic properties of FeO 2 H using calculations performed within the density functional (DFT) and dynamical mean-field (DMFT) theories and show that they are qualitatively different from the pure FeO 2 . The hydrogenation makes FeO 2 a correlated material with local magnetic moments.
We start with simple DFT calculations, which give a fully relaxed (atomic positions, volume, and shape) crystal structure for an arbitrary pressure and allows one to study uncorrelated electronic structure of FeO 2 H. The pseudo-potential VASP package 7 and generalized gradient approximation (GGA) 8 was utilized. Cutoff energy was set to 1000 eV, k-mesh consists of 343 points in the irreducible part of the Brillouin zone. For most of the DFT-based calculations (if not stated specially) the pressure was chosen to be 119 GPa, that corresponds to known experimental crystal structure of FeO 2 H 3 . Fig. 1 3− in iron dioxide. The difference between pyrite and iron dioxide is in the strength of this bondingantibonding splitting, which puts oxygen σ−antibonding bands exactly at the energy position of the Fe t 2g bands, which results in further splitting and unusual valence of Fe: 3+
2 . The corner-shared octahedra of FeO 2 are packed in such way that there are relatively large voids in between. These empty spaces are occupied by the hydrogen in case of FeO 2 H and it is crucial that H sits exactly in a middle of the oxygen "dimers". The most important structural consequences according to the GGA calculations are (i) approximately 10% increase of the unit cell volume, from V F eO2 =76.21Å
3 to V F eO2H =83.06Å 3 , and (ii) increase of the distance in oxygen "dimers" to d Influence of the hydrogenation of FeO 2 on the electronic structure is more dramatic. It can be traced from the lower part of Fig. 1 , where total and partial Fe 3d DOS for both compounds (at the same pressure) are compared. The overall DOSes look very similar accounting for a band narrowing in case of FeO 2 H. As we have pointed out this band narrowing comes from a huge volume enlargement: the unit cell volume of FeO 2 H increases on ∼10% with respect to FeO 2 . Hence, the Fe t 2g bands shrink from 4.7 eV in FeO 2 to 2.6 eV in FeO 2 H. The crystal field splitting between t 2g and e g orbitals, that are centered around 3 eV, is also affected by volume change and it is reduced from 4.07 eV to 3.46 eV 32 . Nevertheless, this is not the most important change of the band structure. A careful checkup of the bands crossing the Fermi level shows that in the pure FeO 2 there is a strong hybridization of the Fe t 2g states with oxygen orbitals, which form σ-antibonding state in this energy region 2 (the oxygen states can be seen in Fig. 1 as a difference between total and Fe 3d DOSes). In case of FeO 2 H these molecular orbitals are destroyed by the hy- drogen, and therefore, the hybridization with oxygen in this energy range is extremely small. In effect the bands on the Fermi level are of pure t 2g character as in many other iron oxides. Thus, already on the DFT level one may argue that iron in FeO 2 H behaves in a conventional way (no molecular-orbitals and effects related to them) and should adopt "3+" valence state, as usual electron counting would suggest. In FeO 2 the valence of iron is the same, "3+", but this is a consequence of a specific band structure, presence of a strong bonding-antibonding splitting as it was explained in Ref. 2 . The fact that the Fe valence is the same in FeO 2 and FeO 2 H is seen from nearly equal Fe-O bond distances obtained in the GGA calculations for these two compounds.
To proceed further with the magnetic properties investigation of compounds of interest we will use the DFT+DMFT method 9,10 as implemented in the AMULET code 20 . This technique is very powerful at studying magnetic properties of materials in a paramagnetic state 11 . Another profit is to be able to make calculations for FeO 2 H, which is a correlated metal with localized magnetic moments, as we will show later. Thus, all compounds will be examined within the same framework regardless correlation strength.
In order to construct noninteracting GGA Hamiltonian, which included the Fe 3d and O 2p states, we use Quantum ESPRESSO 17 and the Wannier function projection procedure 18 . The effective impurity problem was solved by the hybridization expansion (segment version) Continuous-Time Quantum Monte-Carlo method (CT-QMC) 19 . To reduce off-diagonal elements of the hybridization function a transformation to a local coordinate system is performed by a diagonalization of the corresponding Fe 3d blocks of the Hamiltonian,
. In this case the off-diagonal elements of the hybridization function is less than 5 per cent its diagonal counterparts. We used the same set of Coulomb parameters for all the structures and pressures under investigation, U = 6 eV and J H = 0.89 eV 2 . In order to avoid double counting of electron-electron interaction in the DFT+DMFT scheme, we use a self-consistent versions of fully localized limit (FLL) 23 for the most of calculations. To benchmark correctness of our results with respect to a choice of double counting we carried out the calculations of the uniform magnetic susceptibility of FeO 2 H using an around mean field (AMF) correction 23 . It is tempting to ascribe increase of the spin localization in FeO 2 H to the volume enlargement. However, analysis of the volume dependence of the local spin-spin correlation function shows that this is not the case. One can see from Fig. 2a and Tab. I that there is only a minor change in the width of the correlator for FeO 2 going from P = 96 to 119 GPa, while corresponding change of the volume is ∼9%. It should be noted here that the unit cell volume of FeO 2 H at P = 119 GPa is comparable with the volume of FeO 2 at P = 96 GPa. This validates our assumption that change of volume plays a secondary role in explaining electronic and magnetic properties of FeO 2 and FeO 2 H. Moreover, as one can see from Fig. 2d the electron doping going from FeO 2 to FeO 2 H leads to an opposite effect: decrease of the spin localization (see also discussion about different types of doping below). Thus, one might expect that the main reason of formation of the localized magnetic moments in FeO 2 H is a destruction of the O-O "dimers". But how localized these moments are?
In order to answer this question we compare FeO 2 H with Fe 2 O 3 , where Fe is also 3+ (see Fig. 2c ). At ambient conditions this material is an insulator. Fe 3+ ions are in the high-spin state with well developed local magnetic moments 28 . This can be clearly seen from extremely sharp and strong peak in the correlation function and value of an instant squared magnetic moment, m used in the calculations does not exist above P > 30 GPa at T ∼1000 K, it is useful to study a degree of the spin localization in a hypothetical structure under pressures, where FeO 2 and FeO 2 H can be formed. At P = 119 GPa a volume of Fe 2 O 3 decreases by 30%, 33 electronic bands become much broader that leads to a metallicity, and as a result, to the broadening of spin-spin correlation function. The instant squared magnetic moment decreases one order in magnitude down to m It is worthwhile mentioning that the hydrogenation resembles hole doping of FeO 2 . Hydrogenating FeO 2 we add one electron to the system. Then the Fermi level should go to the right, crosses the pseudogap and then antibonding O-O band starts occupy (this would spins even less localized). In fact, both the DFT (Fig. 1) and DFT+DMFT (Fig. 4) calculations demonstrate just an opposite behaviour: the Fermi level goes to the left and resides somewhere in the Fe t 2g band. Adding hydrogen to FeO 2 we completely reconstruct electronic structure (break O-O molecular orbitals) and in some sense hydrogenation results in hole, not electron doping of FeO 2 (one may call it "hole-doping-by-electron-doping"). Corresponding spin-spin correlation functions of hole doped 2 . The later behavior can be explained by the band structure peculiarities and FeO 2 should rather be considered as a material, which magnetic properties are described by band magnetism.
It has to be mentioned that while because of the large covalency 2 there is no real difference in occupation numbers for FeO 2 and FeO 2 H, both close six (6.2 electrons for FeO 2 and 5.7 electrons for FeO 2 H), the influence of hydrogenation can be easily tracked down by investigating the DFT+DMFT spectral functions of FeO 2 and FeO 2 H shown in Fig. 4 . We again start with FeO 2 . The shape of the DFT+DMFT spectral function in FeO 2 remains almost unchanged with respect to DFT: the original DFT spectra become slightly smoothed by temperature and negligibly narrowed (see inset of Fig. 4 relation effects is due to following factors: i) addition of hydrogen destroys oxygen "dimers" and effectively makes a hole doping of the Fe t 2g subbands, ii) reduced Fe t 2g bandwidth increases U/W ratio and moves FeO 2 H to a more correlated regime.
Summarizing, we have studied the electronic and magnetic properties of FeO 2 H by means of the DFT+DMFT method. We have found that hydrogenation changes drastically properties of the parent material. Hydrogen enlarges the volume of the unit cell by almost 10% and, what is more important, destroys O-O "dimers" present in a pure FeO 2 . In effect the Fermi level is moved from the pseudogap (in FeO 2 ) to the Fe t 2g band, and FeO 2 H turns out to be a correlated metal (m * /m ∼ 1.7) with a sharp quasiparticle peak at the Fermi level and wellformed local magnetic moments, while FeO 2 is bad uncorrelated metal, which magnetic properties can be described by itinerant theory of magnetism. The Fe ion adopts 3+ valency and is in the low-spin state (3d 5 , S = 1/2) at pressures of hundred GPa. Calculation of uniform magnetic susceptibility demonstrates that there is rather strong antiferromagnetic exchange coupling in FeO 2 H (Curie-Weiss temperature Θ ∼ −1500 − 2000 K).
Our findings not only reveal a crucial role of hydrogenation on the physical properties of iron dioxide, but also cast doubt on possibility of consistent description of FeO 2 and FeO 2 H in frameworks of the DFT. Neither GGA nor GGA+U approaches seem to be suitable for this, since while it may look like GGA+U is superior to GGA, because it partially takes into account Hubbard correlations, but in fact it breaks molecular-orbitals, which may lead to "overstabilizion" of FeO 2 H with respect to FeO 2 . This means that the use of more appropriate methods, like DFT+DMFT, may change previous results on structural and chemical stability of = 3.44 eV, ∆ F eO 2 H a 1g −e π g = 0.03 eV. The fine details of the band structure are not important for our study, and thus, we keep using t2g-eg notation over the text. 33 Hypothetical R3c structure of Fe2O3 was obtained by full structural relaxation within the GGA.
